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Tripeptidyl-peptidase II (TPPII) is a high molecular
mass (5 MDa) serine protease, which is thought to
act downstream of the 26S proteasome, cleaving
peptides released by the latter. Here, the structure
of human TPPII (HsTPPII) has been determined to
subnanometer resolution by cryoelectron micros-
copy and single-particle analysis. The complex is
built from two strands forming a quasihelical struc-
ture harboring a complex system of inner cavities.
HsTPPII particles exhibit some polymorphism result-
ing in complexes consisting of nine or of eight dimers
per strand. To obtain deeper insights into the archi-
tecture and function of HsTPPII, we have created
a pseudoatomic structure of the HsTPPII spindle
using a comparative model of HsTPPII dimers and
molecular dynamics flexible fitting. Analyses of the
resulting hybrid structure of the HsTPPII holocom-
plex provide new insights into the mechanism of
maturation and activation.INTRODUCTION
Tripeptidyl peptidase II (TPPII) is the largest known proteolytic
complex in eukaryotic cells. It is thought to act downstream
of the 26S proteasome, cleaving tripeptides from the free
N terminus of oligopeptides generated by the latter (Tomkinson,
1999). TPPII plays a critical role in several vital cellular processes
such as antigen processing, apoptosis, DNA-damage repair or
cell division and is involved in diseases such as muscle wasting,
obesity, and in cancer (for recent review, see Preta et al., 2010).
However, the exact function of TPPII in these processes awaits
further clarification.
Based on bioinformatics and biochemical data, TPPII has
been classified as a subtilase (Hilbi et al., 2002; Tomkinson
et al., 1987). In addition to its N-terminal subtilase domain, it
consists of a central domain and a C-terminal domain. The
subtilase domain is interrupted by an insertion between the cata-
lytic Asp and His residues (DH insert). In contrast to other subti-
lases, TPPII does not possess a propeptide the cleavage of
which renders the protease active. TPPII assembles into a large
homooligomer of 5–6 MDa under physiological conditions
(Macpherson et al., 1987). Upon oligomerization, TPPII’s activityStructure 20strongly increases suggesting that activation is assembly
induced (Seyit et al., 2006; Tomkinson, 2000). Hence, TPPII
is a subtilase unusual in both architecture and activation
mechanism.
Bioinformatic analyses of subtilase sequences suggest that
the earliest form of a TPPII-like protease was extracellular and
contained only the subtilase domain (without the DH insert)
plus the N-terminal part of the central domain. The relocalization
of the eukaryotic form of TPPII to the cytosol might have
provided the evolutionary pressure for its oligomerization and
self-compartmentalization, which required the acquisition of
additional domains like the DH insert, the central domain and
especially the C-terminal domain (Rockel et al., 2012).
Recently, we solved the structure of Drosophila melanogaster
TPPII (DmTPPII) using a hybrid EM-X-ray crystallography
approach (Chuang et al., 2010). This spindle-shaped, 6 MDa
complex is built of two strands of ten stacked dimers, which
are twisted around each other. In each monomer, the N-terminal
domain and the central domain form a ring structure, at the side
of which the active site is located. Through the stacking of the
dimers into strands, the active sites become sequestered inside
a cavity system consisting of a longitudinal channel, from which
catalytic chambers branch off at every dimer-dimer interface
(Chuang et al., 2010; Rockel et al., 2005). The entrances to the
cavity system are framed by the C-terminal domains. They
contain tetratricopeptide repeats (TPRs), a structural motif often
involved in protein-protein interactions (Allan and Ratajczak,
2011; D’Andrea and Regan, 2003; Rockel et al., 2012).
The low activity observed in TPPII dimers can be attributed to
three residues of a loop (L2) that are bound to the active-site
cleft and to the displaced active-site serine (S462), which is in
a catalytically inactive position (Chuang et al., 2010). We postu-
lated that during assembly L2 interacts with the adjacent dimer
and thus effects the repositioning of the active-site serine into
a catalytically active conformation (Chuang et al., 2010).
To date, cellular functions of TPPII havemainly been studied in
mammalian systems, whereas our hybrid structure of the spindle
complex has been obtained with DmTPPII. With mammalian and
especially human TPPII (HsTPPII), only low-resolution 2D studies
of negatively stained particles have been performed (Geier et al.,
1999; Harris, 1991; Macpherson et al., 1987). HsTPPII is rather
unstable and its preparation from native sources often results
in low yields. To overcome these obstacles, we established a
recombinant expression system and a purification procedure
that yields HsTPPII spindles suitable for cryo-EM. We obtained
a 3D map of the HsTPPII holocomplex at subnanometer resolu-
tion, computed a comparative model of HsTPPII dimers, and, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 593
Figure 1. Native and Recombinant HsTPPII
(A) Electron-micrograph of negatively stained
native HsTPPII particles.
(B) Projection of DmTPPII in navette orientation
(left). Class average of the longest spindle class of
native HsTPPII (right).
(C) Class average of a shorter spindle class of
native HsTPPII.
(D) SDS-PAGE analysis of the different steps for
the purification of recombinant HsTPPII from
E. coli (HsTPPII: 135 kDa).
(E) Electron-micrograph of ice-embedded re-
combinant HsTPPII particles.
Scale bars: 100 nm.
See also Figure S1.
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Hybrid Structure of Human Tripeptidyl Peptidase IImorphed this to conform with our 3D map. The resulting struc-
ture is superior to our previously published hybrid structure
of DmTPPII. Furthermore, the pseudoatomic model of HsTPPII
was constructed using molecular dynamics flexible fitting
accounting for potential conformational differences of the dimers
within the spindles. In addition, steric clashes between dimers
were resolved. The hybrid structure of HsTPPII is interpreted in
the light of our activation model and is indicative of further
conformational changes upon assembly.
RESULTS
Purification and Electron Microscopy of HsTPPII
Spindles
2D images of negatively stained HsTPPII particles were already
available over two decades ago, but were not analyzed in depth,
presumably due to the heterogeneity of the sample (Harris, 1991;
Macpherson et al., 1987). Our preparations of native HsTPPII
from human red blood cells also yielded only small amounts of
completely assembled HsTPPII complexes (Figure 1A). To visu-
alize the structural features of native HsTPPII particles, we
analyzed the projection images of 12,950 negatively stained
particles and found the same class averages typically observed
with DmTPPII (Rockel et al., 2002). Interestingly, the ‘‘navette
view,’’ a very characteristic projection image of TPPII, is 5 nm
shorter in HsTPPII than in the Drosophila version (Figure 1B).
Further analysis of the data set revealed that a class of even
shorter navette views exists (Figure 1C). Whether this class
represents a different projection of TPPII molecules rotated
about their transverse axis or whether this class indicates the
presence of two assembly states ofHsTPPII can only be clarified
by a 3D analysis of HsTPPII particles.
Since the stability of the spindle-complex is concentration
dependent (Seyit et al., 2006) and since the preparation of
HsTPPII from red blood cells did not yield sufficiently concen-
trated and homogenous material for high-resolution structural
studies, we set up a bacterial expression system. Initially, we
expressed HsTPPII in Escherichia coli with the parameters
used for the expression ofDmTPPII (Seyit et al., 2006). However,594 Structure 20, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reservedthe expression level of HsTPPII was
poor and did not improve by variations
in IPTG concentration and expression
time. As a possible reason for this lowexpression rate, we considered secondary structure formation
of the HsTPPII mRNA and used the Zuker algorithm (Zuker,
2003) to analyze the mRNA-structure of the 50-terminal 100
nucleotides. According to the prediction, the mRNA for HsTPPII
forms a stable structure consisting of a large stable hair-pin
loop (DG 28.1 kJ/mol, Figure S1A available online). In order
to destabilize this loop, we introduced three silent mutations
(g57a, g60a, and c63a), which were expected to disrupt the large
hair-pin loop (DG 20.9 kJ/mol, Figure S1B). Indeed, this step
resulted in a 3-fold increase of the expression level (Figure S1C).
Since the purification strategy for DmTPPII could not be
transferred to HsTPPII, we added a His6-tag to the N terminus
of HsTPPII and developed a purification procedure that yields
pure HsTPPII particles in large amounts (Figures 1D and 1E;
Figure S2A). Recombinant HsTPPII (both with and without
His6-tag) does not differ from the native enzyme in morphology,
enzymatic activity, and stability (data not shown).
Our initial 2D analysis of 96,116 images of ice-embedded
HsTPPII particles revealed classes of long and short navette
views similar to the ones found for native HsTPPII (data not
shown). Since heterologous expression can lead to polymor-
phism in homooligomeric proteins (Nitsch et al., 1997), we
determined the proportion of the class containing the shorter
spindles. For both recombinant and native HsTPPII particles
10% of the spindle views fall into the class of shorter spindles.
We concluded that the heterologous expression had no effect
on the assembly state of HsTPPII complexes.
Polymorphism of TPPII Spindles
Using a featureless double-bow as first reference (Figure S2B)
we obtained a 3D structure of the human TPPII complex at
a resolution between 9.9 A˚ (FSC0.5) and 6.9 A˚ (FSC0.3; Fig-
ure S2C). In order to investigate, whether the occurrence of
two navette views of different lengths is a manifestation of
different spindle populations in the data set and in an attempt
to improve the resolution, we performed a 3D variance analysis
of the 3D reconstruction. Whereas the central segments are
basically unaffected, themain variance in the 3D reconstructions
is restricted to the spindle poles (Figures 2A and 2B), which
Figure 2. Length Variations of HsTPPII Spindles
(A and B) Variance map of the data set in navette (A) and dumbbell (B) view. Variance is shown in red.
(C) Surface representation of HsTPPII9 (FSC0.5 = 10.7 A˚; FSC0.3 = 8.0 A˚).
(D) Surface representation of HsTPPII8 (FSC0.5 = 12.7 A˚; FSC0.3 = 8.1 A˚).
(E and F) Projection of HsTPPII9 (E) and HsTPPII8 (F).
See also Figure S2).
Table 1. Helix Parameters of Dimers in TPPII Spindles
HsTPPII8 HsTPPII9 DmTPPII
d 51.7 ± 0.7 A˚ 52.0 ± 0.7 A˚ 51.9 ± 0.7 A˚
b 25.6 ± 0.8 25.4 ± 0.9 25.3 ± 1.0
a 16.0 14.9 11.1
rottotal 179.2
 203.5 228.1
Helical parameters of the three different spindle types as analyzed by
template matching of a low-pass-filtered model of DmTPPII in the
different spindle types. d, helical rise; b, helical screw angle; a, tilt
between two strands; rottotal: rotation from the first to the last dimer of
a strand (see Figure 3).
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Hybrid Structure of Human Tripeptidyl Peptidase IIsuggests the existence of spindles differing in length. Using
maximum likelihood classification (ML3D; Scheres et al., 2007)
two classes ofHsTPPII spindles were obtained, which contained
either nine or eight dimers per strand. These two reconstruc-
tions, HsTPPII9 and HsTPPII8, were subsequently refined
separately (Figures 2C and 2D) and the projections of the result-
ing 3D models (Figures 2E and 2F) resemble the short and long
navette-view obtained earlier by the 2D analysis of native
HsTPPII (Figures 1B and 1C). However, the separation into two
classes did not lead to an improvement in resolution (HsTPPII9:
61,904 particles; FSC0.5 = 10.7 A˚; FSC0.3 = 8.0 A˚; HsTPPII8:
34,211 particles; FSC0.5 = 12.7 A˚; FSC0.3 = 8.1 A˚; Figure S2C).
Most likely, this is due to the lower number of particles in each
of the classes, since the 3D reconstruction of a random data
set using 2/3 of all particles resulted in a resolution of 12.8 A˚
at FSC0.5.
In order to understand the dimer arrangement in the different
spindle types, we have performed template matching with low-
pass-filtered models of DmTPPII dimers. The resulting positions
and orientations reveal—at good approximation—a helical
arrangement for each of the two strands (Table 1). In all spindles
examined (HsTPPII8, HsTPPII9, DmTPPII) the helical rise (d) is
52 A˚ (Table 1, Figures 3A, 3C, and 3E) and the helical screw
angle (b) is 25.5 (Table 1; Figures 3B, 3D, and 3F). However,
TPPII-strands are no ideal helices as b is not constant: The
helical screw angle in DmTPPII is smallest between the central
dimers and increases gradually toward the ends of the strands
(Figure 3F). The same is observed with HsTPPII9 and HsTPPII8,
but there it is much less pronounced and the real positions of
the dimers are closer to their positions in an ideal helix (Figures
3B and 3D).
Even though b varies within one strand, the total rotation
between the first and the last dimer corresponds to the number
of dimers per strand and amounts to 179.2, 203.5, or 228.1 for
HsTPPII8,HsTPPII9, orDmTPPII, respectively. Irrespective of the
number of dimers per strand the total rotation between the
minimum strand-strand distances at each spindle pole is always
180. To interact at the spindle poles the two strands need to
be tilted relative to each other. Hence their axes differ from theStructure 20spindle axis by ± a/2 and intersect at the center of the spindle.
This angle a between the two strands of a spindle is largest for
HsTPPII8 and smallest for DmTPPII (Table 1; Figure 3A, 3C,
and 3E).
The helical model can be used to explain why TPPII spindles
are composed of strands built of eight to ten dimers: A minimum
of eight dimers per strand is needed to establish a stable strand-
strand interface. Increasing length of the strands, however,
necessitates an increasing distance between the strands at
the spindle poles, due to the tilt a between the helix axes.
Consequently, interactions between dimers of paired strands
become impossible for strands longer than ten dimers.
In conclusion, the arrangement of the dimers within a TPPII
strand is approximately helical. The dimer-dimer interfaces are
evidently only quasiidentical and allow a certain flexibility of the
strands, which leads to the observed variations in strand lengths.3D Structure of HsTPPII
Since the 3D reconstruction including all particles resulted in
a higher resolution, as discussed above, it was used for most
of the following analyses. The dimensions of the HsTPPII spindle
are 55 3 28 nm and the strands are built of nine stacked dimers
(Figure 4A). The interior of each strand is permeated by a cavity
system that features a suite of chambers at each dimer-dimer
interface (Figures 4B–4D). This suite of chambers is created by, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 595
Figure 3. Positions of Dimers in TPPII Spindles
Dimers are condensed to bars. The positions of dimers in the real spindle (gray) and in an ideal helix (red) are shown.
(A, C, and E) Navette view of HsTPPII8 (A), HsTPPII9 (C), and DmTPPII (E).
(B, D, and F) Single strand of HsTPPII8 (B), HsTPPII9 (D), and DmTPPII (F) viewed along the helix axis. For values of d, b, and a, see Table 1.
Structure
Hybrid Structure of Human Tripeptidyl Peptidase IIthe architecture of TPPII dimers: Each dimer consists of a
‘‘handle’’ and a globular part composed of the stacked tori of
themonomers (Figure 4E). From our crystal structure ofDmTPPII
it is known that the subtilase domain constitutes one segment of
the torus and that in the dimer the active site of one monomer
faces down while the other one faces up (Figure 4E). Through
stacking of the dimers into strands the hollows in the tori get
capped, which leads to the formation of the catalytic chambers;
the entrances to the cavity system are framed by the handles.
In DmTPPII, densities connecting the handles and the globular
part were observed in the terminal dimers only and were
ascribed to loop L3 (Chuang et al., 2010). Similar densities are
visible in all dimers of HsTPPII and they subdivide the large
entrance (27 3 40 A˚) into two smaller openings (27 3 23 A˚;
27 3 27 A˚; Figure 4F). L3 is more clearly discernible in HsTPPII
than in DmTPPII, probably due to the superior resolution of the
3D model of the former.
Hybrid Structure of HsTPPII
With the aim of interpreting our 3D reconstruction of HsTPPII
beyond the nominal resolution, we docked the atomic coordi-
nates of DmTPPII-dimers into our 3D map of HsTPPII. Though
the fit was good (ccc = 0.81) some regions of the atomic model
had no corresponding density in HsTPPII spindles (Figure S3).
This has to be expected since the sequence ofHsTPPII is shorter
than the sequence ofDmTPPII by 105 amino acids. Furthermore,
when the two sequences are compared, the overall similarity is
only 54% and the identity 35%. Most differences are located in
the C-terminal region, which—together with a part of the DH
insert—constitutes the handle (Figures 5A and 5B).
In order to have a more accurate means of analyzing the
density of HsTPPII spindles, we used an alignment of various
TPPII sequences and the atomic coordinates of DmTPPII dimers
to create a comparative model for HsTPPII dimers (Figure 5B).
The quality of the rigid body fit of the comparative model into
the EM map of HsTPPII was lower than the fit of the coordinates596 Structure 20, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rightsof theDmTPPII dimer (ccc = 0.70), mainly because of differences
in the conformation of the handle region of the HsTPPII model.
This deviation is probably due to the extended morphology of
the handle region, which results in relatively few restraints from
the template used for modeling. The rigid body fit of the compar-
ative model into the HsTPPII spindle resulted in steric conflicts
at the dimer-dimer interface (1,147 to 1,531 clashes between
atoms). Moreover, the dimer-dimer interfaces and therewith
also the dimers themselves are only quasiidentical and, as
a consequence, the conformation of a TPPII dimer depends on
its position in the spindle. To account for these different con-
formations, we used molecular dynamics flexible fitting (MDFF;
Trabuco et al., 2009) to morph the structure of the dimers
to conform with the EM density, while maintaining the stereo-
chemistry of the protein model. The resulting hybrid structure
of HsTPPII (Figures 5C–5E) features a superior fit of the atomic
models with cross correlation coefficients ranging from 0.90
to 0.92.
In an EM map of subnanometer resolution a helices should
be discernible, and it should be possible to reconcile a-helical
regions in the high-resolutionmodel with the respective densities
in the EM map. The most extended a-helical region in TPPII is
the handle, which includes helices H4-H6 of the DH insert and
helices H22-H32 of the C-terminal domain in the comparative
model of HsTPPII (see Figures 5A and 5B and topology map Fig-
ure S4). Indeed, helices H22, H23, H25, and H28 of the handle
are clearly discernible in the EMmap at the outer, convex region
(Figures 5D and 5E).
The Activation Model: Helix H13 and Loop L2
In our previous model for the assembly-induced activation of
DmTPPII we postulated that both loop L2 and the connected
active-site serine (S462) undergo a conformational change
during strand assembly. In TPPII dimers, three loop residues of
L2 (L457-N459) are bound to the active-site cleft and S462 is
located in the unwound N-terminal region of an a helix (H9). Inreserved
Figure 4. 3D Reconstruction of HsTPPII
(A) Surface representation ofHsTPPII in ‘‘dumbbell view’’ at a resolution between 9.9 A˚ (FSC0.5) and 6.9 A˚ (FSC0.3). Dimers of one strand are numbered. Dimer five
is highlighted in blue.
(B) Same as (A), but rotated by 90 around the longitudinal axis. The strand on the right is cut open in order to show the cavity system. Positions of the active sites
are shown in red.
(C) Surface model of a segment of a single strand showing the external surface in gray mesh; the two catalytic chambers at each dimer-dimer interface are shown
in light and dark yellow, respectively, and the longitudinal channel is shown in dark yellow.
(D) Schematic drawing of the cavity system; external surface in gray mesh; cavity system in yellow; active sites in red.
(E) Segmented dimer: one monomer is colored in gray; the other in dark (torus) and pale blue (handle); active sites in red.
(F) Entrances to the cavity system: Dimers are colored in dark gray, one dimer is colored according to E; density corresponding to L3 in red; the cavity system is
shown in yellow.
Note that the dimer shown in (E) is rotated by 90 around its horizontal axis. The asterisks in (E) and (F) mark the same prominent feature of the torus region. CC,
catalytic chamber; E, entrance.
See also Figure S2.
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Hybrid Structure of Human Tripeptidyl Peptidase IIsubtilisin, S221 is located in a corresponding helix (hF); however,
in this case the serine belongs to the helix. The residues in both
regions are identical. The proposed interaction of L2 with the
neighboring dimer is expected to induce a hydrogen bond
network in DmTPPII similar to that in subtilisin. This rearrange-
ment would remove L2 from the active-site cleft and lead to an
a-helical conformation of the sequence stretch T461-A464 and
the elongation of helix H9 by one turn (Chuang et al., 2010). In
the EM map of HsTPPII spindles, density corresponding to the
respective helix in HsTPPII (H13; Figure S4) is visible in some
but not in all in-strand dimers, which might be due to the limited
resolution of the map. Where visible, this density encloses both
helix H13 and residues T448-S451, which correspond to resi-
dues T461-A464 in DmTPPII (Figures 6A and 6B). In order to
simulate the active conformation of HsTPPII during MDFF, we
kept the catalytic triad similar to that in subtilisin. The application
of these distance restraints, which place S449 in an active
conformation, resulted in an elongation of helix H13. To interpret
the corresponding region independently of our comparative
model, we aligned the crystal structures of DmTPPII and
subtilisin to the flexibly fitted HsTPPII dimers at the respective
positions. Both helix hF of subtilisin and helix H9 plus residues
T461-A464 of DmTPPII can be fully accommodated by the
density corresponding to helix H13 (Figures 6C and 6D). This
observation suggests that helix H13 is elongated in spindles,
and that it can adopt a conformation similar to that of helixStructure 20hF in subtilisin, in which the active-site serine is catalytically
active.
Whereas the quality of the EM-map allowed us to assign
density attributable to helical regions, the assignment of loop
regions was not possible. Therefore, loop L2—the ‘‘assembly-
dependent activation switch’’—cannot be visualized in the 3D
reconstruction. Yet, in order to get a clue about its location, we
have inspected the dimer-dimer interface of the EM density
around helix H13. Superimposition of helix hF and loop ‘‘L’’ of
subtilisin with the corresponding region of the flexibly fitted
HsTPPII-dimers revealed a density at the dimer-dimer interface
that can accommodate loop L (see Figure 6E). Since in the hybrid
structure the N-terminal part of loop L2 resides in the same
density as loop L (see Figure 6F) it can be speculated that in
the active conformation of TPPII dimers loop L2 resides at the
dimer-dimer interface.
The DH Insert at the Dimer-Dimer Interface
The elongated structured protrusion within the DH insert is
termed ‘‘domain C’’ (Rockel et al., 2012) and participates in the
formation of the handle. In our comparative model, domain C
consists of a long a helix (H6) and an extended loop region into
which another, short a helix (H5) is embedded. In the spindle,
domain C and specifically its extended loop region is in proximity
to the central domain of the neighboring dimer as well as to
helix H27 of its own C-terminal domain. Interestingly, domain C, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 597
Figure 5. Hybrid Structure of HsTPPII
(A) Schematic sequence alignment ofDmTPPII andHsTPPII; N-terminal domain in yellow, DH insert in orange, central domain in green, C-terminal domain in blue,
missing sequence stretches in red; gray: loops L1, L2 and L3, which are not resolved in the crystal structure of DmTPPII dimers.
(B) Ribbon diagram of a dimer of the comparative model of HsTPPII. The domains of one monomer are colored as in A, the helices of the C-terminal domain
are numbered (see Figure S4 for topology map).
(C) Hybrid model of HsTPPII; dimers are colored according to (A).
(D) Handle region of a flexibly fitted comparative model in the 3D map; helices are labeled according to (B).
(E) Flexibly fitted comparative model in the 3D map (ccc = 0.92); helices are labeled according to (B).
See also Figures S3 and S4.
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Hybrid Structure of Human Tripeptidyl Peptidase IIis also in close contact with loop L3 of the neighboring dimer
(Figure 7A). The region of L3 involved in this interaction
(S1004-D1010) is charged and is conserved in mammals (Fig-
ure S5). The interaction with the DH insert might be needed to
keep L3 at its position spanning the handle.
At higher threshold levels, the shape of the EM density corre-
sponding to domain C resembles that of an a-helical region
(Figures 7B–7E; Figure S6). This observation suggests that the
region of domain C that is unstructured in our comparativemodel
can adopt an a-helical conformation leading to an extension of
helix H5. In the present map, we find a clear indication of such
a conformational change only in assembled dimers. The corre-
sponding density at the terminal monomer, which does not
interact with a neighboring dimer, is not sufficiently resolved to
draw any conclusion.
Conformation of In-Strand versus End-of-Strand Dimers
Activation of TPPII is proportional to the number of dimer-
dimer interfaces (Seyit et al., 2006). In-strand dimers are
covered by neighboring dimers from both sides; end-of-strand
dimers have only one neighbor (Figure 8A and 8B). Hence,
end-of-strand dimers are not fully activated and their confor-
mation probably differs from the conformation of in-strand
dimers.
We have analyzed the conformation of flexibility fitted HsTPPII
dimers with respect to their position within the spindle, which is
either ‘‘in-strand’’ or ‘‘end-of-strand’’: between all in-strand
dimers the root-mean-squared fluctuation (RMSF) of most of598 Structure 20, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rightsthe Ca-atoms is <2 A˚, with a few regions appearingmore variable
(RMSF: 2–3.8 A˚). These variable regions mainly consist of loops,
including L2 and L3 (Figures 8C, 8E, 8F, and 8I), and their fluctu-
ation, although potentially meaningful, cannot be interpreted
reliably.
Conformational differences involving these variable loop
regions are also found between in-strand and end-of-strand
dimers (Figures 8D, 8G, and 8H), but in addition, the positions
of the following a-helical regions differ: (1) N-terminal region of
helix H6—the long helix residing in domain C, (2) N-terminal
region of helix H27, and (3) C-terminal region of helix H26, both
located in the C-terminal domain (Figures 8D and 8J).
Strand-Strand and Dimer-Dimer Interfaces
In order to examine whether the variable regions participate in
dimer-dimer interactions, we analyzed the dimer-dimer inter-
faces with PISA (Krissinel and Henrick, 2007). Most of the
regions differing between in-strand and end-of-strand dimers
are close to or within these interfaces (Figure S7). Consequently,
it is likely that the conformation of these regions is influenced by
the dimer-dimer interactions.
The average size of the dimer-dimer interfaces varies only
slightly within each spindle-type and is similar in HsTPPII8 and
HsTPPII9. The small differences observed (Table 2; Figure S7)
probably result from variations in the helical screw angle b in
HsTPPII8 and HsTPPII9 (Table 1). However, these might be only
apparent differences, since the hybrid model of HsTPPII8 is
less accurate than the one of HsTPPII9.reserved
Figure 6. Regions Involved in Assembly-Dependent Activation
(A) Density corresponding to helix H13 in the 3D map of HsTPPII.
(B) A with docked comparative model.
(C) A with docked subtilisin (PDB ID: 1CSE).
(D) A with docked DmTPPII (PDB ID: 3LXU).
(E) Orthogonal view of the dimer-dimer interface displaying two neighboring
dimers, where L2 and H13 were replaced by loop L and helix hF of subtilisin.
(F) Same as (D), but with an ensemble of five superimposed L2 loops of
HsTPPII. L2/L is colored green; H13/hF in orange; T448-S451 (and corre-
sponding residues) in red.
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strand interfaces of HsTPPII and DmTPPII, we recomputed our
previously published hybrid structure of DmTPPII (Chuang
et al., 2010) employing MDFF. Since the resolution of the 3D
map of DmTPPII is only around 14 A˚, this fit needs to be inter-
preted with more caution than those of HsTPPII. However, in
the new model steric clashes existing before were resolved,
the model conforms better to the EM data, and the dimer-dimer
interfaces are more realistic. The dimer-dimer interaction area in
DmTPPII is 1.5 times larger than in HsTPPII (Table 2), whereas
the strand-strand interaction area is over 3 times larger (Table
2). The observed differences in these interaction areas explain
why DmTPPII is more stable than HsTPPII.
DISCUSSION
In the present work, we analyzed the structure of HsTPPII
at different levels. (1) The subnanometer resolution of our EM
map of HsTPPII spindles allowed us to localize three regions
we consider functionally important: Loop L3, helix H13, and helix
H5. (2) In the pseudoatomic model constructed using MDFF
we pinpointed three additional regions—helices H6, H26 and
H27—which are potentially involved in complex ‘‘maturation.’’Structure 20A feature more prominent in the EM-map of HsTPPII spindles
than in the 3D map of DmTPPII spindles is the density spanning
the entrances to the cavity system that we have attributed to loop
L3, which connects the central domain and the C-terminal
domain. In HsTPPII spindles, L3 is positioned near domain C of
the neighboring dimer’s DH insert—an interaction that may
arrest L3 at this position and limit the size of substrates that
are able to enter the catalytic chambers. L3 in DmTPPII is 57
residues longer than in HsTPPII and is prone to nicking. Presum-
ably, a cleaved L3 is more flexible and in turn is invisible in the
activated in-strand dimers, implying that in DmTPPII, L3 is of
minor functional importance.
To be able to interpret our 3D reconstruction of HsTPPII
beyond the nominal resolution, we combined it with comparative
modeling andMDFF. The reliability of the results obtained by this
combination strongly depends on the quality of both the initial
atomic model and the map. Ideally, the initial atomic model
used in our study should be one obtained by crystallization of
small oligomers of HsTPPII; however, a method for the dissocia-
tion of HsTPPII into small oligomers that do not reassemble
into strands at the high protein concentrations necessary for
crystallization is currently not available. Since the resolution of
the EMmap ofHsTPPII is between 6.9 and 9.9 A˚ it is not possible
to assign or interpret loop regions. However, secondary struc-
ture elements such as a helices are discernible and some inter-
pretations such as the determination of interfaces, the existence
and the positions of a helices are feasible.
The EM map of HsTPPII suggests that in spindles the active-
site serine S449 is part of a helix—an observation supporting
our recently proposed activation mechanism (Chuang et al.,
2010). To investigate, whether the establishment of a
hydrogen-bond network similar to the one in subtilisin is suffi-
cient to render TPPII dimers active, we replaced helix H13
and/or loop L2 of TPPII with the respective elements of subtilisin
(helix hF and loop L) by mutation. Ideally, this would result in
activated dimers. However, all replacements carried out (L2
versus L, H13 versus hF, L2+H13 versus L+hF) yielded inactive
dimers that, nevertheless, assembled into—inactive—single
strands (data not shown). These data suggest that during
assembly TPPII undergoes a complex activation process
involving more regions than just H13 and L2. For example,
loop L1, which is unique to TPPII and is located close to the
active site, might also play a role.
In the comparative model of HsTPPII, which is based on the
nonactivatedDmTPPII dimer, domain C of the DH insert consists
of an a helix and a long unstructured loop, in which a short helix
(H5) is embedded. The shape of the corresponding density in the
assembled HsTPPII spindle reveals the presence of a long
a helix. Accordingly, domain C of activated dimers would consist
of two long, antiparallel a helices that are connected by a loop.
Based on the present data it cannot be resolved whether
this helix-loop-helix conformation of domain C is only present
in HsTPPII, since the lower resolution of the 3D reconstruction
of the DmTPPII spindle does not allow secondary structure
assignment.
Our previously published activation model was based on the
hybrid structure of DmTPPII (Chuang et al., 2010), which was
constructed using rigid body fitting. Therefore, the conformation
of all dimers in the spindle was identical. The usage of MDFF, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 599
Figure 7. Domain Topology at the Dimer-Dimer Interface
(A) Closeup of the dimer-dimer interface.
(B and C) Closeup of domain C in dimer 1 (B) and in dimer 2 (C).
(D and E) Same as (B) and (C) but only the EM density of dimer 1 (D) or dimer 2 (E) are displayed. Domains are color coded according to Figure 5A; neighboring
dimers are colored alternating in darker and lighter shades. L3 is highlighted in red.
See also Figures S5 and S6.
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allowed the detection of conformational differences between
activated in-strand dimers and nonactivated end-of-strand
dimers. In the C-terminal domain, such differences were found
for helix H26 and helix H27, and in domain C for helix H6 and
the connecting loop. We hypothesize that a conformational
change of H6 during strand assembly initializes its interaction
with loop L3 of the neighboring dimer. In addition, the new posi-
tion of these helices might stabilize the continuous stretch of
TPRs at the convex site of the spindle. In this way, fine-tuning
of the potential protein-protein interaction site would be coupled
to complex assembly.
The activation of TPPII apparently not only involves a rear-
rangement of the active site but also of the region around the
entrance to the cavity system. Whereas the conformational
changes in the C-terminal domain are probably caused directly
by the interaction of two dimers, the changes in the subtilase
domain (repositioning of the active-site serine, removal of L2
residues from the substrate-binding cleft) are likely to be an
indirect consequence. Since the DH insert is a connector
between these two regions and since its domain C also
undergoes conformational changes upon assembly, we hypoth-
esize that the DH insert serves as sensor for the assembly state
and triggers activation.
Correct stacking of the dimers is essential for the activation of
TPPII. Still, small differences between the dimer-dimer interfaces
appear to be tolerable. Both the variation in spindle length and
the deviation of the strand geometry from an ideal helix show
that the contacts between the dimers within a strand are only
quasiidentical. A detailed analysis of the dimer-dimer interface
would be desirable, but the current resolution of the EM-map
does not allow the interpretation of exact location and orientation
of the residues in the flexibly fitted HsTPPII dimers. However,
dimer-dimer interfaces within the different spindle complexes600 Structure 20, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rightswere analyzed in terms of the size of their areas, which appear
to vary from species to species and not to depend on the number
of dimers per strand. From a functional point of view, it is
plausible that the number of dimers per strand is of minor
importance as long as the strands contain a minimum of eight
subunits. This allows the formation of the double clamp, which
stabilizes the spindle complex (Seyit et al., 2006) and thereby
also the dimer-dimer contacts.
The pseudo atomic structure of HsTPPII highlights the impor-
tance of the dimer-dimer interface for structure and functionality
of the TPPII spindle: Contacts between dimers determine the
architecture of the spindle complex and supposedly trigger
conformational changes involving the catalytic center and the
entrance to the cavity system. Whether the division of the
entrance by L3 and the exposed localization of the TPRmodules
of the C-terminal domains affect the selection of interaction
partners and substrates will require further studies. Our hybrid
structure of HsTPPII spindles could be the basis for such studies
and shed light on the cellular functions of TPPII.
EXPERIMENTAL PROCEDURES
Site-Directed Mutagenesis
A pCMV6-XL4 (4.7 kb) vector harboring the coding sequence of HsTPPII
(atypical, having a G252R mutation, GenBank accession: NP003282.2) was
purchased from Origene. The sequence was subcloned into the expression
vector pET30b (Novagen), and the mutation G252R was reversed by site-
directed mutagenesis using the Stratagene Quik-Change Site-Directed
Mutagenesis Kit with E. coliDH5a as host cells. Vectors forHsTPPII containing
the silent mutations g57a g60a c63a were obtained by site directed mutagen-
esis. Mutations were confirmed by sequencing.
Expression and Purification of HsTPPII
Native TPPII
Human erythrocytes (700 g) were lysed by passage through a cell disrupter
EmulsiFlex-C5 (Avestin). After 1 hr centrifugation (17,3003 g) the supernatantreserved
Figure 8. Conformations of In-Strand and End-of-Strand Dimers
(A and B) Schematic representation of in-strand dimers (A) and end-of-strand
dimers (B; dimers in black box).
(C and D) Molecular surface representation of in-strand dimers (C) and end-
of-strand dimers (D); monomers are colored in dark and light gray.
(E and G) Enlarged ribbon representation of boxed region 1 in (C) (shown in E)
or (D) (shown in G).
(F and H) Enlarged ribbon representation of boxed region 2 in (C) (shown in F)
or (D) (shown in H).
(I and J) Enlarged ribbon representation of boxed region 3 in C (I) or D (J).
Domains are colored according to Figure 5A; one monomer of the dimer is
colored in darker, the other in lighter shades; residues with 2 < RMSF < 3.8 A˚
(in-strand dimers) or 2 < RMSF < 4.8 A˚ (end-of-strand dimers) are highlighted
in red.
See also Figure S7.
Table 2. Surface Areas of the Molecular Interfaces within TPPII
Spindles
HsTPPII8 HsTPPII9 DmTPPII
Dimer-dimer 4,276 ± 287 A˚2 4,385 ± 125 A˚2 6,664 ± 247 A˚2
Strand-strand 1,571 A˚2 1,134 A˚2 5,444 A˚2
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Hybrid Structure of Human Tripeptidyl Peptidase IIwas applied to a 50/300 DEAE-Sephacel column equilibrated with 50 mM
ammonium sulfate (pH 7.0), 5% glycerol, 1 mM DTT. Elution was carried out
by a step gradient of 100–700 mM ammonium sulfate. Fractions with high
TPPII activity were pooled and subjected to precipitation by addition of
ammonium sulfate to 55% (w/v) saturation (pH 7.5–7.7). The protein was
pelleted by centrifugation (20 min 20,000 3 g), the pellet was dissolved in
buffer A (80 mM potassium phosphate [pH 7.5] 5% glycerol, 1 mM DTT) and
loaded on a Superose 6 column (GE Healthcare). Fractions with high TPPII
activity were pooled and applied to a stack of 4 3 5 ml-HiTrap ANX FF
Columns (GE Healthcare). Buffer A was used for equilibration, loading, and
washing. Elution was carried out by a step gradient of 100–700mMammonium
sulfate. The fractions used for electron microscopy were subjected to
precipitation at 55% (w/v) saturated ammonium sulfate (pH 7.5–7.7). The
precipitate was collected by centrifugation at 20,0003 g for 20 min, dissolvedStructure 20in buffer A and finally loaded on a Superose 6 10/300 GL size exclusion column
(GE Healthcare) with buffer A as eluent. The peak between 7.3 and 7.9 ml
contained pure native HsTPPII with a concentration of approximately
0.05 mg/ml.
TPPII Expressed in E. coli
Human TPPII carrying the silent mutations g57a, g60a, and c63a was ex-
pressed from the vector pET28a using BL21(DE3) cells. Cells were grown in
TB media at 37C to an OD600 of 2–3. Expression was induced by the addition
of isopropyl-D-thiogalactopyranoside to a final concentration of 0.1 mM. After
o/n expression at 24C cells were harvested by centrifugation (10 min at
4,000 3 g). Cells were subjected to two passages through a cell disrupter
EmulsiFlex-C5 (Avestin) and centrifuged for 20 min at 30,000 3 g. The pellet
was resuspended in buffer A (80 mM potassium phosphate (pH 7.5); 5%
glycerol; 1 mM DTT) and passed through the cell disrupter again. After centri-
fugation for 20 min at 30,000 3 g the His-tagged protein was purified from
45 ml supernatant by affinity chromatography using a 5 ml HisTrap FF Column
(GE Healthcare). Buffer A containing 20 mM imidazole was used for equilibra-
tion and loading of the column. Washing was performed with buffer A con-
taining 50 mM imidazole. Proteins were eluted in steps of 200 and 400 mM
imidazole. Subsequently, the imidazole was removed using PD10 desalting
columns (GE Healthcare). Further purification was achieved by applying the
sample to a 2 3 5 ml HiTrap ANX FF Column (GE Healthcare) equilibrated
with buffer A. Elution was carried out by a step gradient of 100–700 mM
ammonium sulfate. Fractions showing high TPPII activity were subjected to
precipitation at 55% (w/v) saturated ammonium sulfate (pH 7.5–7.7). The
precipitate was collected by centrifugation at 20,0003 g for 20 min, dissolved
in buffer A and loaded on a Superose 6 10/300 GL size exclusion column
(GE Healthcare) with buffer A as eluent. The peak between 7.3 and 7.9 ml
contained pure recombinant HsTPPII with a concentration of 1.3 mg/ml. The
protein was used directly for electron microscopy.
SDS-PAGE
For SDS-PAGE the buffer system of Scha¨gger and von Jagow (1987) was
used. The acrylamide concentration was 9%. Samples were mixed with 0.2
volumes of 5% SDS, 100 mM Tris/Cl [pH 8.5], 50 mM DTT, 50% glycerol
and solubilized at 70C for 5 min. Electrophoretic separation took place
at 100 V for 40 min. Gels were stained with a Coomassie staining solution
(Candiano et al., 2004).
Electron Microscopy
Recombinant or nativeHsTPPII was purified as described above. For negative
stain, 5 ml of protein solution were applied to carbon grids, the grids were
washed twice with buffer (40 mM ammonium sulfate [pH 7.5]), and subse-
quently stained with uranyl acetate. For cryoelectron microscopy, protein
solution (5 ml; 0.2–0.3 mg/ml) was applied to glow-discharged C-flat 4/1 grids
(Protochips, Inc.), which were covered with a thin carbon film. The grids were
washed twice with buffer (40 mM ammonium sulfate [pH 7.5]), blotted and
plunge-frozen in liquid ethane. Using a Tecnai F20 microscope (FEI) operated
at 200 kV and equipped with an Eagle CCD camera (camera pixel size 15 mm),
2,248 focal pairs were recorded semiautomatically (SerialEM; Mastronarde,
2005) at a calibrated magnification of 84,2703, resulting in 1.78 A˚ pixel
size on specimen level. Focus values of the close-to-focus images ranged
from 0.3 to 4.7 mm.
Image Processing
Prior to single-particle analysis, all micrographs were visually screened for
drift, astigmatism, and visibility of Thon rings in the power spectrum. Subse-
quently, the contrast transfer function was determined and micrographs
were deconvoluted by phase flipping and compensation for the modulation, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 601
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Hybrid Structure of Human Tripeptidyl Peptidase IItransfer function of the CCD camera using the TOM-software (Nickell et al.,
2005). The positions of 96,116 particles were determined on the far-to-focus
images and particles were extracted in 384 3 384 boxes from the close-to-
focus images (EMAN software; Ludtke et al., 1999). 2D classification of the
data was performed using the EMPackage (Hegerl, 1996) and XMIPP (Scheres
et al., 2008). For ML3D classification as well as 3D refinement XMIPP was
also used. A featureless double bow was used as first reference for alignment
and for the generation of three seeds for ML3D classification. The 3D variance
map was calculated according to Penczek et al. (2006). Refinement of all 3D
models was carried out by progressively decreasing the angular sampling
from 10 to 0.1 and imposing D2 symmetry. The temperature factor was
determined (Rosenthal and Henderson, 2003) and applied to the final recon-
structions (approximately 100 A˚2).
3D Image Analysis
Additional image analysis of the 3D reconstruction was carried out by using
the EM software package. A low-pass-filtered model of DmTPPII (smoothed
to a resolution similar to that of the 3D reconstructions) was used to perform
template matching of dimers in the 3D reconstructions. The resulting positions
and Euler angles were converted to equivalent representations, which
describe the relative movement of dimern to dimern+1 by a simple shift and
a rotation around an individual axis. For one strand, these axes have nearly
the same orientation and the corresponding rotation angles as well as the
shifts are nearly constant. Each strand was then approximately represented
as a helix using the average of the individual rotation axes as helical axis.
Homology Modeling and Flexible Fitting
A comparative model of HsTPPII was built using DmTPPII as structural
template (PDB ID 3LXU; 36% sequence identity). The model was built using
MODELER (Sali and Blundell, 1993) with multiple sequence alignments from
T-COFFEE (Notredame and Suhre, 2004). For the alignment TPPII sequences
from Drosophila melanogaster NP_725252.1, Homo sapiens NP_003282.2,
Mus musculus NP_033444.1, Rattus norvegicus NP_112399.1, Bos Taurus
NP_001092504.1, Arabidopsis thaliana NP_193817.2, Caenorhabditis elegans
NP_495221.1, Schizosaccharomyces pombe NP_594951, and PDB 3LXU
were used. An initial atomic model of HsTPPII8 and HsTPP9 was created
by rigid body fitting of comparative models of the dimer into the respective
EM-maps using situs (Wriggers et al., 1999). Steric clashes were resolved
with an in-house interactive version of MDFF implemented in VMD (Humphrey
et al., 1996). The spindle models resulted in systems of 605,122 and 680,762
atoms, including hydrogens, for HsTPPII8 and HsTPP9, respectively. MDFF
simulations were run with default parameters and restraints (Trabuco et al.,
2008), plus three extra restraints per monomer enforcing the conformation of
the active-site residues to mimic their conformation in the crystal structure
of subtilisin (Bode et al., 1987). Additionally, implicit-solvent simulations
were used, and the D2 symmetry observed in the EM data was imposed into
the simulated structures using a custom TclForces implementation. Simula-
tions of each spindle were run for 2 ns. The RMSF and dimer-dimer interaction
analysis considered the last nanosecond of the trajectory, where the ensemble
of structures produced all conformed to the EM data.
Correlation coefficients were determined using the ‘‘fit in map’’ option in
Chimera with a simulated map of the dimer at a resolution of 10 A˚ (Pettersen
et al., 2004). RMSF values were calculated using VMD (Humphrey et al.,
1996).
Calculation of Protein Interfaces and Clashes
Protein contact surfaces were calculated using the EBI (European Bioinfor-
matics Institute) online server PISA (Protein Interfaces, Surfaces, and Assem-
blies; Krissinel and Henrick, 2007).
Clashes between dimers were determined using the ‘‘find clashes’’ option
with standard settings in Chimera (Pettersen et al., 2004).
Denotation of Secondary Structure Elements
Secondary structure elements for DmTPPII and HsTPPII were predicted with
Chimera (Pettersen et al., 2004) using GOR. The a helixes and b strands
were numbered from the N to the C terminus. The b sheets are labeled alpha-
betically from N to the C terminus.602 Structure 20, 593–603, April 4, 2012 ª2012 Elsevier Ltd All rightsACCESSION NUMBERS
The cryo-EM density maps have been deposited with the accession code
EMD-2036 for the HsTPPII map containing all particles and EMD-2037 for
HsTPPII8. The atomic coordinates of the flexibly fitted HsTPPII-dimers are
available upon request.
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